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This Perspective considers how classical cadherin cell-cell adhesion receptors are organized at the nano-
scale to generate lateral clusters. Recent advances in optical microscopy reveal that clustering constitutes
a general feature of cadherin organization, but one that takes diverse forms. Here we consider the molecular
mechanisms responsible for cadherin clustering and their functional implications.We frame our discussion in
light of what is known about how nanoscale organization is conferred upon the plasma membrane, through
protein-protein interactions, regulation of the cortical actin cytoskeleton, and the lipid environment of the
membrane.Introduction
Classical cadherins are found in well-nigh every cell in the body
(Meng and Takeichi, 2009). Members of this subclass of the
larger cadherin superfamily participate in cell-cell interactions,
mediate tissue morphogenesis and homeostasis, and contribute
to disease when their function is perturbed. Accordingly, clas-
sical cadherins (which we shall simply call ‘‘cadherins’’ in this
article) have been the subject of intensive research since their
discovery in the late 1970s. We have made great progress in
understanding how cadherins mediate cell-cell adhesion at the
molecular, biochemical, and biophysical levels. We have also
extensively characterized their biological impact in both cell cul-
ture and organismal models.
However, the molecular mechanisms that cadherins utilize
must work on length scales (nm) that are very different from their
functional consequences at the cellular or tissue level (mm–mm).
This implies that regimes that operate at intermediate length
scales may mediate between molecular mechanism and biolog-
ical outcome. Here we focus on one of those intermediate
processes: the capacity for cadherins to organize into lateral
clusters on the cell surface. Interest in this area has recently
been reinvigorated by the use of superresolution microscopy
to characterize this phenomenon as a general feature of cadherin
organization at the cell surface (Strale et al., 2015; Truong Quang
et al., 2013; Wu et al., 2015). In this article, we describe the phe-
nomenon, discuss the molecular mechanisms responsible for
cadherin clustering, and consider how the formation of cadherin
clusters contributes to their biology.
Lateral Clustering: The Phenomenology of Cadherin
Organization on Different Length Scales
The ability of cadherins to organize into lateral aggregates
was first suggested by the identification of spot-like junctions
in Drosophila embryonic epithelia (Tepass and Hartenstein,
1994). Originally thought to be transitional precursors of mature
junctions, improvements in optical imaging revealed that DE-
cadherin concentrated in clusters throughout Drosophila devel-
opment, becoming more densely packed at epithelial junctions
as embryogenesis progressed (Cavey et al., 2008). Similarly,12 Developmental Cell 35, October 12, 2015 ª2015 Elsevier Inc.the clustering of cadherins into spots and puncta is readily
apparent in cell culture models (Angres et al., 1996; Hong
et al., 2013; Kametani and Takeichi, 2007; Wu et al., 2014) and
appears to be a general property, as it has been observed with
several different classical cadherins (Angres et al., 1996; Coon
et al., 2015; Hong et al., 2013; Lambert et al., 2000; Wu et al.,
2014). These clusters appeared as approximately micron-scaled
structures of heterogeneous morphology, which could vary from
rounded spots to streaks (Cavey et al., 2008; Hong et al., 2013;
Smutny et al., 2010;Wu et al., 2014). However, further character-
ization of the phenomenon was limited by the resolution of light
microscopy.
Recently, fluorescence photoactivated localization micro-
scopy (F-PALM)/stochastic optical reconstruction microscopy
(STORM) was applied to visualize E-cadherin at the nanoscale
in Drosophila embryonic epithelia (Truong Quang et al., 2013)
and cultured mammalian cells (Wu et al., 2015). Both studies
found that E-cadherin organized into nanoscale clusters
that distributed extensively throughout cell-cell junctions. In
mammalian cells, these nanoclusters appeared to be substan-
tially smaller (50–60 nm diameter) than the structures seen by
conventional microscopy (Wu et al., 2015). Indeed, the latter
often consisted of multiple subdiffraction nanoclusters when
analyzed by F-PALM (Truong Quang et al., 2013), akin to what
has been reported for integrin-based focal adhesions (Shibata
et al., 2012). This suggested that the ability to form nanoclusters
might represent an elemental mode of cadherin organization at
cell-cell adhesions (Figure 1A). However, although inmammalian
cells these nanoclusters displayed a preferred spatial size (Wu
et al., 2015), the quantity of cadherin within clusters varied
over two orders of magnitude, with no apparent preferred num-
ber of cadherin molecules to be found in a nanocluster (Truong
Quang et al., 2013; Wu et al., 2015). This suggested that some
sort of spatial framework constrained the diameter of the nano-
clusters, but within this limit the amount of cadherin molecules
could vary considerably (Wu et al., 2015).
Overall, these observations indicate that the ability to aggre-
gate into lateral clusters is a general property of classical cad-
herin receptors. But clustering is a heterogeneous phenomenon.
Figure 1. The Varieties of Cadherin Clustering
(A and B) Cadherin nanoclusters delimited by cortical F-actin are found at both non-adherent (A) and adherent (B) cell surfaces. In the latter case, ligated cadherin
can organize at crystal-packing density within nanoclusters.
(C) The varieties of cadherin clustering at different spatial scales. Left: Distribution of cadherin microclusters at an epithelial cell-cell interface and its relationship
to actomyosin. Right: Zoom-in showing how, upon adhesive ligation, nanoclusters accumulate and form cadherin microclusters.
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length scales: ‘‘nanoclusters’’ (50 nm diameter), as identified
by superresolution techniques, and larger ‘‘microclusters’’ (1–
2 mm) that often may represent aggregates of nanoclusters
(Figure 1B). Of note, whereas cadherin ligation appears to be
necessary for microclusters to form (Coon et al., 2015; Yap
et al., 1997), this is not the case for nanoclusters, which were
observed under conditions (e.g., the free surfaces of cells) that
do not permit ligation (Wu et al., 2015) (Figure 1A). Even cadherin
mutants that were incapable of productive adhesion or lacked
their complete ectodomains could form nanoclusters with diam-
eters similar to those displayed by clusters that were engaged in
adhesion (Wu et al., 2015). This suggests that the formation of
nanoclusters may reflect general mechanisms to organize pro-
teins in the plasma membrane, whereas cadherin ligation elicits
additional mechanisms that cause nanoclusters to aggregate
into microclusters.
Molecular Mechanisms Regulating Cadherin Clustering
Classical cadherins function as membrane-spanning macromo-
lecular complexes. Their extracellular domains (ectodomains)interact with cognate cadherin ectodomains presented on the
surfaces of neighboring cells while the cytoplasmic tails form
complexes with a host of intracellular proteins: the components
of the so-called ‘‘core cadherin-catenin complex’’ (b-, a-, and
p120-catenin; Meng and Takeichi, 2009; Shapiro and Weis,
2009) and potentially many others (Guo et al., 2014; Van Itallie
et al., 2014). Here we focus on four mechanisms that can influ-
ence cadherin clustering: interactions between the adhesive
binding ectodomains; association with the actin cytoskeleton;
interaction with membrane lipids through the transmembrane
domain; and cadherin endocytosis. Some of these are general
mechanisms to organize the plasma membrane, whereas others
arise from adhesive ligation of the cadherin.
1. Clustering Driven by Interactions among Cadherin
Ectodomains
One important model for cadherin clustering was developed by
the Honig and Shapiro groups, based on binding interactions
mediated by the cadherin ectodomains alone (Brasch et al.,
2012; Harrison et al., 2011). Crystal structures for several clas-
sical cadherin ectodomains reveal an apparently conserved
pattern of adhesive (trans) interactions between ectodomainsDevelopmental Cell 35, October 12, 2015 ª2015 Elsevier Inc. 13
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tions between cadherins presented on the same cell surface.
Adhesive (trans) interactions occur between the EC1 domains
of neighboring cadherins, whereas cis-interactions involve an
interface between the base of the EC1 domain and the EC2
domain of its adjacent cadherin (Boggon et al., 2002; Brasch
et al., 2012; Harrison et al., 2011). Trans- and cis-interactions
can be present simultaneously; however, the cis-interactions
are intrinsically weak and required strengthening by the forma-
tion of trans-dimers, which restrict the molecular motion of the
ectodomains. Thus, productive adhesion generates both trans-
interactions and cis-interactions.
This ability of ectodomains to simultaneously engage in both
trans- and cis-interactions was predicted to generate a two-
dimensional lattice with the capacity to aggregate cadherins
into clusters (Wu et al., 2010). Consistent with this lattice model,
the incorporation of cadherin ectodomain fragments into lipo-
somes generated contacts between the liposomes that were
enriched in the cadherins (Lambert et al., 2005; Taveau et al.,
2008). Moreover, an E-cadherin mutant lacking most of the cyto-
plasmic tail could form both nanoclusters (Wu et al., 2015) and
microclusters (Hong et al., 2010) when expressed in cells.
Further, in mammalian cells E-cadherin nanoclusters displayed
subdomains with a packing density consistent with the crystal
lattice model (Strale et al., 2015; Wu et al., 2015). Clearly, then,
under specific circumstances the ectodomain alone has the
capacity to drive lateral clustering.
However, other observations suggest that the crystal lattice
model does not comprehensively explain cadherin clustering.
First, many regions within nanoclusters displayed densities of
E-cadherin that were significantly lower than those predicted
from the crystal lattice model (Strale et al., 2015; Wu et al.,
2015). Second, mutant cadherins that lack the residues neces-
sary for trans- and cis-interactions still formed nanoclusters
(Wu et al., 2015). Indeed, cadherin mutants that retain the cyto-
plasmic tail but lack the ectodomain can still form nanoclusters
(Wu et al., 2015) and microclusters (Yap et al., 1997, 1998). It is
important to note, however, that while cis-defective cadherin
mutants generated nanoclusters of the same spatial size as
wild-type cadherins, their packing density was reduced (Strale
et al., 2015; Wu et al., 2015). This suggests that the principal
role for the lattice model may be to regulate cadherin packing
density, perhaps for optimal adhesive strengthening (see below),
while the cadherin cytoplasmic tail allows other, cytoplasmic,
factors to play important roles in controlling cluster size.
2. The Cortical Cytoskeleton and Cadherin Clustering
An obvious cytoplasmic candidate to organize cadherins into
clusters is the actin cytoskeleton, which is organized as cortical
networks and actin bundles at cell-cell junctions (Buckley et al.,
2014; Ebrahim et al., 2013; Kovacs et al., 2011; Tang and
Brieher, 2012; Wu et al., 2015; Zhang et al., 2005). Three features
of cadherin-actin cooperation are important to consider in our
discussion of cadherin clustering. First, cadherins associate
physically with F-actin. This is mediated by a-catenin (Buckley
et al., 2014; Pokutta et al., 2002; Rimm et al., 1995), a ubiquitous
component of the cadherin molecular complex, and also by a
diverse array of other actin-binding proteins whose association
with cadherinsmay be context dependent (reviewed in Ratheesh
and Yap, 2012). Second, the cadherin-associated actin cyto-14 Developmental Cell 35, October 12, 2015 ª2015 Elsevier Inc.skeleton is dynamic, undergoing turnover and assembly both
during junction assembly and at steady state (Kovacs et al.,
2011; Yamada et al., 2005). Indeed, cadherins can promote actin
assembly by coordinating cortical signaling and regulators of
actin assembly (Ratheesh and Yap, 2012) to generate protrusive
force (Cai et al., 2014). Third, the junctional actin cytoskeleton
combined with cadherin signaling also recruits and activates
myosin II (Gomez et al., 2015; Shewan et al., 2005; Smutny
et al., 2010; Verma et al., 2012). This can generate contractile
tension at junctions and influence junctional actin organization
(Ratheesh et al., 2012; Wu et al., 2014).
How can these properties of the junctional actomyosin cyto-
skeleton influence the lateral organization of cadherins? First,
cortical F-actin can serve as a spatial template for membrane
proteins. The mesh-like organization of cortical F-actin creates
diffusional barriers that corral membrane proteins (Edidin et al.,
1994; Kusumi et al., 2005; Morone et al., 2006; Sako et al.,
1998). Indeed, E-cadherin nanoclusters appeared to be de-
limited by cortical F-actin both when the cadherin was engaged
in adhesion and when the cadherins were unligated (Wu et al.,
2015). Further, uncoupling E-cadherin from a functional cortical
cytoskeleton by ablating the cytoplasmic tail or depolymerizing
F-actin actually increased the size of nanoclusters, as might be
predicted if F-actin were serving as a diffusional barrier to define
their size (Wu et al., 2015). Note that such cortical F-actin corrals
would represent a general feature ofmembrane organization that
is not specific for cadherins.
A second way for the cytoskeleton to influence cadherin
clustering is by regulating diffusional trapping. In one model, the
initial contacts between cell surfaces increase the probability of
other free receptors engaging with ligands and becoming
diffusionally trapped to form adhesive microdomains (Krobath
et al., 2011). Local engagement with cortical F-actin can enhance
such trapping by providing cytoplasmic scaffolds that further
reduce cadherin diffusion. Consistent with this, fusion of the
actin-binding domain of a-catenin to E-cadherin increased the
size and stability of E-cadherin microclusters (Hong et al.,
2013). The Arp2/3 actin nucleator is also found at E-cadherin
microclusters (Wu et al., 2014), and local actin assembly might
facilitate clustering by generating protrusive forces to bring cell
surfaces together (Kovacs et al., 2002b), thereby enhancing re-
ceptor engagement. Because cadherin ligation promotes its as-
sociation with Arp2/3 (Kovacs et al., 2002b), this mechanism
mightbeone that comes intoplay inanadhesion-specific fashion.
Third, myosin can condense F-actin networks (Bendix et al.,
2008; Heissler andManstein, 2013) to drive the planarmovement
of F-actin and associated proteins at the cell cortex by advec-
tion, the process of directed transport by bulk motion that arises
from fluid flow or motor proteins acting on cytoskeletal networks
(Mayer et al., 2010; Munjal et al., 2015; Munro et al., 2004). How
this affects the distribution of membrane proteins depends on
the spatial patterns of advection. Polarized advection is respon-
sible for the basal-to-apical flows of cadherin that have been
seen in some cells (Kametani and Takeichi, 2007). However,
local pulses of contractility can lead to the transient condensa-
tion of cortical F-actin bringing cortical proteins together into
aggregates (Munjal et al., 2015). Indeed, local contractile
pulses at the lateral junctions of epithelial cells caused the con-
gression and fusion of cadherin microclusters (Wu et al., 2014).
Figure 2. Models of Cadherin-Lipid
Interactions
I. Cadherin with associated lipid shell. II. Trans-
bilayer-coupling: GPI-anchored proteins interact
with long-chain PS immobilized by actin. III.
Flotillin1/2 links cadherin nanoclusters to trans-
bilayer-coupled glycosphingolipid domain to sta-
bilize junctions. See text for further details.
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contractility could cause nanoclusters to accumulate into micro-
clusters or whether, indeed, it might contribute to the formation
of cadherin nanoclusters, as has been observed for glycosyl-
phosphatidylinositol (GPI)-anchored proteins (Goswami et al.,
2008; Gowrishankar et al., 2012).
3. The Lipid Environment and Cadherin Organization
Lipids can also organize the plasma membrane (Rao andMayor,
2014). It is likely that all membrane proteins diffuse together
with a shell of lipids that may extend several nm from the surface
of the protein (Anderson and Jacobson, 2002; Niemela¨ et al.,
2010). Thus, we could envisage a single cadherin protein
diffusing together with its associated lipids within a sea of lipids
and other protein-lipid complexes (Figure 2). The eukaryotic
plasmamembrane comprises hundreds of different lipid species
varying in head group and acyl chain composition that play
essential roles in generating lateral heterogeneity in the mem-
brane. Studies in model membranes demonstrated that interac-
tions between sphingolipids and cholesterol could form tightly
packed regions with a specific liquid crystalline organization
(the liquid-ordered, LO, phase) (Veatch and Keller, 2002). Since
this lipid raft concept was first proposed (Simons and Ikonen,Developmental Cell 351997), a consensus has now emerged
that—rather than forming large stable
platforms of cholesterol, sphingolipids,
and associated proteins—rafts constitute
highly dynamic assemblies of a few mol-
ecules, i.e., small short-lived (<1 s) nano-
assemblies (Eggeling et al., 2009; Kusumi
et al., 2012; Rao and Mayor, 2014; Si-
mons andGerl, 2010; Zhou and Hancock,
2015), though it is important to note that
the existence of ordered membrane
phases in living cells is still a matter of
debate (Sevcsik et al., 2015).
Insight into how such lipid-based
nanoassemblies organize the membrane
has come from the analysis of GPI-
anchored proteins, an important class of
proteins anchored to the extracellular
face of the plasma membrane via a lipid
anchor. These proteins cluster and are
immobilized transiently in an actin- and
cholesterol-dependent manner (Gos-
wami et al., 2008; Sharma et al., 2004).
Recently it was shown that long saturated
acyl chains in both the extracellular GPI-
anchored proteins and the inner leaflet
phosphatidylserine (PS) molecules inter-digitate and allow trans-bilayer coupling (Raghupathy et al.,
2015). Given sufficient cholesterol and the immobilization of in-
ner leaflet PS by actin (Raghupathy et al., 2015), trans-bilayer
coupling can generate nanoclusters and stabilize lipid domains
over larger areas in the predominantly liquid-disordered environ-
ment of the plasma membrane. This suggests that a key to lipid-
driven clustering entails trans-bilayer coupling of lipid chains of
specific lipid moieties such as GPI-anchored proteins, glyco-
sphingolipids, cholesterol, and PS.
How might cadherin clustering be lipid driven? One possibility
is that cadherin-lipid complexes could interact with LO domain
lipids, which, through their propensity to form homo-oligomeric
clusters, would then generate a relatively large region with lipid
raft characteristics. One potential example involves caveolae,
small pits that consist of lipid-bound integral membrane pro-
teins, caveolins (Ariotti and Parton, 2013; Hansen and Nichols,
2010; Hill et al., 2008; Kovtun et al., 2015; Parton and del
Pozo, 2013). Caveolin-1 co-immunoprecipitates with E-cad-
herin, localizes to adherens junctions, and has been implicated
in cadherin endocytosis (Akhtar and Hotchin, 2001; Orlichenko
et al., 2009), possible evidence for an association of cadherin
with raft-like domains. However, this is unlikely to be universal,, October 12, 2015 ª2015 Elsevier Inc. 15
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tions (Guillaume et al., 2013) or contrasting functional effects
(Salem et al., 2011; Strippoli et al., 2015). In addition, some
epithelia appear to lack caveolins and caveolae altogether
(Zhuang et al., 2011), as do Drosophila. Similarly, cadherins
have been reported to show low or high affinity for lipid raft
domains, based on the cruder criteria of detergent insolubility
and flotation (Causeret et al., 2005; Guillaume et al., 2013; Nusrat
et al., 2000; Seveau et al., 2004), and the literature on the
dependence of adherens junctions on lipid raft domain integrity
is somewhat contradictory (Guillaume et al., 2013; Nusrat
et al., 2000).
Alternatively, cadherins may not associate constitutively with
raft domains, but rather may utilize these lipid-driven mecha-
nisms as an additional layer of regulation. Evidence for this
idea comes from crosslinking of outer leaflet gangliosides with
cholera toxin, which generated an immobilized cluster of the
ganglioside, GM1, with which N-cadherin associated in a
cholesterol-dependent manner (Guillaume et al., 2013). How-
ever, this association was lost upon downregulation of the raft
adaptor protein, flotillin-1, an acylated protein that accumulates
at cell-cell junctions (Morrow et al., 2002) in a cadherin-depen-
dent manner and co-immunoprecipitates with both E- and
N-cadherins (Guillaume et al., 2013). Flotillin-1 stabilizes adhe-
rens junctions in cultured cell systems (Guillaume et al., 2013),
consistent with a model in which raft domain association of
cadherins would be dynamic and intrinsically unstable but uti-
lized to stabilize junctions when required through the action of
accessory proteins like flotillin-1 (Guillaume et al., 2013).
4. Regulation of Cadherin Clustering through
Endocytosis
Even in established tissues, cadherin junctions are dynamic
structures that display molecular turnover on timescales of
tens of seconds (de Beco et al., 2009; Priya et al., 2013; Yamada
et al., 2005). Such turnover reflects lateral mobility of cadherins
and their endocytosis and recycling (de Beco et al., 2009). Endo-
cytosis, in particular, can influence surface levels of cadherins
(Le et al., 1999; Levayer and Lecuit, 2013; Levayer et al., 2011;
Troyanovsky et al., 2006). Interestingly, clustering of cargo can
regulate endocytosis (Garcı´a-Garcı´a and Rosales, 2002; Sharma
et al., 2004), and, indeed, clustering of Drosophila E-cadherin
using antibodies directed against its ectodomain promoted
its endocytosis (Levayer et al., 2011). Moreover, the number of
molecules found in Drosophila E-cadherin nanoclusters was
increased when endocytosis was blocked in Shibiremutant em-
bryos (Truong Quang et al., 2013). This preferentially affected
nanoclusters with high cadherin content, suggesting that the
maximal content of nanoclusters might be set by clustering-
induced internalization (i.e., nanoclusters grew until they reached
an optimal size for internalization). It is then possible that clus-
tering ultimately promotes cadherin endocytosis, thereby deter-
mining the maximal size of cadherin nanoclusters.
A Working Model for Cadherin Clustering
Although much remains to be learned about the genesis of cad-
herin clustering, we offer the following model as a framework for
future research (Figure 1). First, the initial formation of nanoclus-
ters may reflect general mechanisms of membrane organization
that can be independent of adhesion, such as corralling by
cortical F-actin and lipid-driven segregation. These could serve16 Developmental Cell 35, October 12, 2015 ª2015 Elsevier Inc.to define elemental units of organization that would be present
at the free surfaces of cells. Cadherin ligation would then elicit
mechanisms that build upon those elemental units, such as
increasing the density of cadherins within nanoclusters, through
lattice-like ectodomain interactions and increased diffusional
trapping by local actin assembly. Further, microclusters might
arise upon cadherin ligation from the combination of cadherin-
based actin assembly and contractile advection, tending to
condense and aggregate nanoclusters.
Why Cluster? The Functional Implications of Cadherin
Nanoassemblies
What, then, might be the functional consequences of cadherin
clustering? Here an important question is what super-added ef-
fects might arise from the lateral grouping of receptors, over and
above what can be achieved by non-clustered receptors. Here
we consider two cellular possibilities, adhesive strengthening
and cell signaling.
Strengthening Adhesion
Cadherin adhesion entails contributions of the whole cadherin
molecule but ultimately depends on the ability of the ectodomain
to resist detachment forces. However, the binding affinity of the
cadherin ectodomain for adhesive interactions is relatively weak
(Chen et al., 2005). Furthermore, cadherin adhesion increases
with time of contact, through sequential stages of initial adhesive
binding and post-ligation strengthening (Yap et al., 1997). Mech-
anisms must then exist to modulate adhesive strength. Lateral
clustering represents one such mechanism. Adhesive strength-
ening correlated with the formation of cadherin microclusters
(Angres et al., 1996; Smutny et al., 2010; Yap et al., 1997) and
was retained by cadherin mutants that preserved the ability to
form microclusters (Yap et al., 1998). Moreover, forced clus-
tering of cadherin ectodomains presented at the cell surface
could amplify cell-cell adhesion, even when the cytoplasmic
tail was deleted (Yap et al., 1997).
Insight into how such adhesive strengthening may occur
comes from closer consideration of the molecular mechanisms
of adhesive binding. As noted above, the cadherin trans-interac-
tion involves the EC1 domain of one cadherin docking with a
pocket within its adhesive partner’s EC1 domain to form a swap-
ped trans-dimer (Brasch et al., 2012). However, the EC1 domain
that undergoes swapping can also dock into its own pocket to
form a closed non-adhesive monomer that can competitively
inhibit the adhesive swapped dimer, accounting for the low bind-
ing affinity of cadherin ectodomains (Chen et al., 2005). The gen-
eration of cis-interactions when cadherins pack into 2D lattices
potentially stabilizes the trans-bonds by decreasing their 3D
mobility. Crystal packing by cis-interactions would then not
only organize cadherins but also help to promote trans-interac-
tions and increase adhesive strength.
However, a potential discrepancy arises from reports that cis-
defective cadherin mutants displayed no adhesive defect (Harri-
son et al., 2011; Strale et al., 2015). At face value, this would
imply that lattice organization of ectodomains does not influence
adhesive strength. However, those cis-defective mutants were
tested in short-term assays (Harrison et al., 2011; Strale et al.,
2015) that may principally report the initial stages of adhesive
binding (Yap et al., 1997), whereas evidence for adhesive
strengthening by clustering was found in longer-term assays
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that clustering strengthens adhesion has principally involved mi-
croclusters (Angres et al., 1996; Smutny et al., 2010; Yap et al.,
1997). It is therefore possible that cis-interactions are not neces-
sary for initial binding, but rather contribute to strengthening
adhesion as contacts mature. This is consistent with the obser-
vation that lattice-density packing of cadherins is only found in a
subset of nanoclusters (Wu et al., 2015).
Other mechanisms can also strengthen adhesion when cad-
herins form clusters. Clustering can increase the probability
that ectodomains will rebind after dissociation (i.e., increases
avidity) (Wu et al., 2011), and adhesion can be increased in clus-
ters because detachment stresses are distributed across multi-
ple trans-bonds that must be broken nearly simultaneously for
detachment to occur (Ward et al., 1994; Ward and Hammer,
1993). Thesemechanismsmay account for the ability of actomy-
osin to strengthen adhesion, as it supports the formation of
microclusters (Smutny et al., 2010). Contractility might also influ-
ence the kinetics of adhesive bond formation itself. Cadherin
binding involves an intermediate encounter complex, called the
X-dimer (Harrison et al., 2010), that accelerates the strand swap-
ping necessary for the mature trans-interaction to form (Brasch
et al., 2012; Sivasankar et al., 2009). Interestingly, X-dimers
display force-dependent catch bonds (Manibog et al., 2014;
Rakshit et al., 2012) whose lifetimes increasewith the application
of tension (Rakshit and Sivasankar, 2014). Therefore, actomy-
osin-dependent contractility could stabilize X-dimers and facili-
tate their maturation to trans-bonds. Because the trans-interac-
tions are necessary for cis-interactions to form (Brasch et al.,
2012), it is interesting to consider that assembly of contractile
networks from cadherin clusters may help to promote adhesive
trans-interactions that allow lattice formation. Therefore, multiple
post-binding mechanisms may collaborate to allow lateral clus-
tering to strengthen adhesion as junctions mature. Whether the
cis-independent nanoclusters that have been observed (Wu
et al., 2015) contribute to other features of adhesion, such as
controlling the probability of initial binding, remains to be tested.
Clustering and Cadherin Signaling
Lateral clustering can also allow cadherins to nucleate signaling
hubs through the co-aggregation of partner signaling molecules
(Coon et al., 2015). What functional impact might this have? One
example entails actin assembly by Arp2/3 and its nucleation-
promoting factor (NPF) WAVE2 (Verma et al., 2012), which co-
accumulate with E-cadherin microclusters (Wu et al., 2014).
Cooperative interactions associated with the clustering of
Arp2/3 and its NPFs (Padrick et al., 2008; Padrick and Rosen,
2010) are a general mechanism that promotes efficient actin
assembly (Banjade and Rosen, 2014). The co-clustering of actin
nucleators with E-cadherin, taken with the capacity of those
clusters to enhance mechanical linkage to the cytoskeleton
(Strale et al., 2015), may then reflect how this general mechanism
is co-opted for effective actin assembly at cadherin junctions.
Membrane nanoclusters are also emerging as mechanisms
that confer robustness on signaling pathways by buffering them
against noise (Saunders et al., 2012) and allow local lipid compo-
sition to influence signaling. This is exemplified by the Ras iso-
forms, K-ras and H-ras (Hancock, 2003; Hancock et al., 1989,
1990; Zhou and Hancock, 2015), which bear different membrane
anchors that segregate them into distinct dynamic nanoclustersto affect signaling (Abankwa et al., 2008; Plowman et al., 2005;
Prior et al., 2003; Roy et al., 1999; Zhou and Hancock, 2015;
Zhouet al., 2014). K-rasassociateswithphosphatidic acid,which
is required for it to activate Raf, whereas H-ras nanoclusters
are enriched in phosphatidylinositides, consistent with it being
a more efficient activator of phosphoinositide 3 (PI3)-kinase
(Ghosh et al., 1996; vanRheenen et al., 2005; Zhou andHancock,
2015). Cadherins also signal through lipid-associated GTPases,
such as Rho (Ratheesh et al., 2012) and Rac (Kovacs et al.,
2002a; Nakagawa et al., 2001), and E-cadherin adhesion also
recruits and activates signaling by the lipid kinase PI3-kinase
(Kovacs et al., 2002a; Pece and Gutkind, 2000). It is interesting
to hypothesize that by regulating the local lipid environment of
cadherin nanoclusters, proteins such as flotillin (Guillaume
et al., 2013) or caveolin-1 (Ariotti et al., 2014) might influence
the specific pathways activated by cadherin signaling and
thereby exert indirect effects on cadherin biology.
Conclusions and Future Perspectives
Overall, we suggest that cadherin clustering is a hierarchical
process. The organization of cadherin monomers into nanoclus-
ters and microclusters reflects fundamental mechanisms that
generate membrane nanoassemblies (lipid organization, cortical
corrals), which are then built upon when adhesive ligation pro-
motes cooperative interactions between the ectodomains and
activates cell signaling to regulate the cytoskeleton. However,
the precise mechanistic and functional relationship between
these two forms of clustering remains to be elucidated. For
this, we will need tools that allow us to simultaneously visualize
cadherin organization over very different length scales and mo-
lecular maneuvers that selectively target nanoclusters and mi-
croclusters. More broadly, this perspective speaks to the
growing awareness that molecular organization at the nanoscale
can obey principles of organization that are distinct from those
that apply at the molecular level (Hyman et al., 2014; Li et al.,
2012), generating functional outcomes that are an emergent
property of their higher-order organization (Banjade and Rosen,
2014). Cadherins may then prove to be useful models to study
how cells generate complex membrane nanoassemblies that
integrate their cytoplasm with the external world.
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